When a viscous drop impacts onto a solid surface, it entraps a myriad of microbubbles at the interface between liquid and solid. We present direct high-speed video observations of this entrapment. For viscous drops, the tip of the spreading lamella is separated from the surface and levitated on a cushion of air. We show that the primary mechanism for the bubble entrapment is contact between this precursor sheet of liquid with the solid and not air pulled directly through cusps in the contact line. The sheet makes contact with the solid surface, forming a wetted patch, which grows in size, but only entraps a bubble when it meets the advancing contact line. The leading front of this wet patch can also lead to the localized thinning and puncturing of the liquid film producing strong splashing of droplets. © 2010 American Institute of Physics. ͓doi:10.1063/1.3407654͔
The coating of a solid surface with a layer of liquid is often accomplished with liquid sprays. 1 The uniformity and effectiveness of such coatings are affected by the entrapment of air bubbles under the impacting droplets. The impact of a drop always entraps a bubble under its center, 2-5 principally due to the formation of a stagnation point in the lubricating cushion of air, which deforms the drop, forming a dimple under its center. The rapidly moving lamella can also entrain bubbles through the moving contact line, such as those shown in the still photographs in Fig. 1 . Such an entrapment is not observed for millimetric sized water drops, suggesting that the Capillary number ͑Ca= u / ͒ at the moving contact line plays a role, as recently suggested by Rein and Delplanque, 6 in addition to the well known splashing parameter K =Oh Re 1.25 suggested by Mundo et al.
7
Herein we observe bubble entrapment for drops more than about ten times as viscous as water. We present close-up video images revealing that this entrapment is primarily due to topological changes, which produce new stagnation points in the air flow under the advancing lamella. This occurs when the levitated film makes localized contact with the substrate forming a wet spot, which grows in size to meet the advancing contact line, thus entrapping the bubble, as shown in Fig. 2 .
We use gravity-driven water/glycerin drops released from a nozzle 6.1 mm in diameter, generating drops with diameters D around 5.1 mm. The impact velocity U is varied by changing the release heights up to 1.6 m. The Reynolds and Weber numbers of the impact are Re = UD ϳ 100 -2000, We = DU 2 ϳ 80 -2400, where the and are the dynamic viscosity and density of the liquid and is the surface tension. These parameter values were selected based on our earlier work with Ootsuka et al. 8 To capture the details of the rapid entrapment motions, we use an ultra-high-speed video camera ͑Shimadzu Hypervision, Etoh et al. 9 ͒, capable of frame-rates up to 1 ϫ 10 6 fps, while each video sequence consists of 102 frames, containing 260ϫ 312 pixels, irrespective of the frame rate used. The time counter in the accompanying video clips is in microseconds. The drop impacted onto a glass substrate and the spreading was observed through the bottom plate, similar to Thoroddsen et al., 4 using direct lighting from a 350 W metal halide lamp ͑Sumita MS350͒. Imaging under the leading edge of the lamella is complicated by the strong curvature of the free surface, making transmitted lighting nonuniform and varying in time. Figure 1 shows two typical distributions of bubbles entrapped during the impact of a viscous drop. The region around the central bubble 4 ͑arrowed͒ is clear, followed by a dense band of bubbles toward the outer edge of the wetted region. Figure 2 shows sketches and close-up observations of the bubble entrapment process. This mechanism requires the formation of a separated tip of the lamella ͓Fig. 2͑a͔͒, which rides on top of a cushion of air. 10 The entrapment occurs when this precursor film makes localized contact with the substrate. Figure 2͑d͒ shows the growth of one such contact region and the resulting entrapment of a bubble, when this growing contact meets the advancing contact line, as sketched in Fig. 2͑b͒ .
The radial growth of the localized circular contact was measured directly from the high-speed video images, showing that dr / dt = 1.2Ϯ 0.2 m / s, giving a local Ca= 0.8. This large spreading velocity, for the partly wetting conditions, 11 suggest that the air layer is very thin to counteract the azimuthal curvature, i.e., ␦ Ͻ r.
The overall view in Fig. 1͑b͒ shows that the bubble size tends to increase with distance from the impact center. This is due to the thickening of the air cushion, through the growth of boundary layers in the air pushed ahead of the contact line along the substrate. The bubble sizes were measured from close-up images, such as those shown in Fig.  3͑a͒ . Their diameters are, in this case, between 5 and 50 m, with the average size growing linearly with the radial distance, as shown in Fig. 3͑b͒ . (a) two outcomes, i.e., pullback of the lamellar edge or the rupture of the film close to the contact line, occurs for Re Ӎ 1500. Note that almost no bubbles are entrained in the case where the front is pulled back in Fig. 5͑a͒ . Note that this corresponds to a value of the splashing parameter K Ӎ 30, which is of the same order as the critical value of 58 found by Mundo et al. 7 Figures 6 shows details of the sheet rupture following the localized contact far ahead of the moving contact line. The sequence in Fig. 6͑a͒ shows three such contacts and rupture of the sheet from two of them. Figure 6͑b͒ shows the characteristic two-lobe rabbit-ear structure of these contact regions, which subsequently ruptures slingshotting the sheet forward. The rupture develops first at the contact line on the downstream tip of the contact, marked by an arrow in Fig.   6͑a͒ . The sideways ripping speed is ϳ15 m / s, but keep in mind that this is simply a kinematic point, like the cutting point of scissors. We also note that each contact in Fig. 6͑a͒ entrains a large bubble, as it meets the contact line.
The holes in the liquid sheet grow rapidly in all directions, pulled by surface tension. Where two edges meet they pirouette and often touch the substrate, leaving wet stripes, as can be seen in the last frame of Fig. 5͑b͒ .
It remains to be determined what initiates the contact between the levitated film and the substrate. Even though we used a new microscope slide for every impact, the experiments were carried out in a typical civil engineering laboratory without specific dust control. We therefore expect that some microscopic dust or aerosol particles are present on the solid and will promote some of the observed reconnections. However, we believe the susceptibility of the flow to these contacts are intrinsic to this flow geometry. This is supported by the close-up video images accompanying Fig. 2 where the reconnections do not, in general, appear to be associated with any visible dust particles on the plate. One can also imagine that the moving contact line can lead to charge separation and thereby promote reconnections by electrostatic forces.
Some of the contacts could be promoted by slight roughness elements on the solid surface. However, we believe that this roughness is not necessary for this mechanism to occur, as we have verified using optical glass, i.e., one face of a high-quality prism.
We also point out that the free surface gliding ahead of the contact line looks smooth for the lower Re, only for the largest Re in Fig. 5͑b͒ , are clear wavelike disturbances present on the sheet surface, perhaps promoted by the uneven advancing contact line, in effect being a self-sustaining process.
It has recently been suggested that air entrainment through the contact line controls splashing and fingering during drop impacts, 6 which would suggest a critical value of the local Capillary number Ca cr = ͑dR / dt͒ / Ӎ 0.25, based on coating experiments. 12 However, as pointed out by Rein et al., 6 this critical value is not observed for drop impacts. In the experiments of Thoroddsen et al., 4 the region outside the central entrapped bubble, is clear of entrained bubbles, even for CaϾ 10. Furthermore, this criterion is not consistent with the fact that the center under the drop is clear of bubbles, in spite of the contact line velocity being highest in this region, immediately following the first contact.
Our observations suggest that the relevant criterion for air entrapment is therefore the stability of the levitated front and not the Ca of the moving contact line. In other words, the entrainment process is a fundamentally threedimensional and not the usual two-dimensional model used at the contact line or cusps at a free surface. 13 Future work could investigate the relevance of this process to the suppression of splashing in reduced air pressure 14 and the effects of roughness. 15 In this letter, we investigate the mechanism of air entrapment under an impacting viscous drop, highlighting the role of localized contacts of the levitated lamella with the solid substrate. These contacts change the topology of the air flow entrapping microbubbles and can promote the rupture and splashing of droplets.
